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Overexpression of thioredoxin (TRX) confers oxidative stress resistance and extends lifespan in
mammals and insects. However, less is known about phenotypes associated with loss of TRX. We
investigated loss-of-function phenotypes of Trx-2 in Drosophila, and found that the mutant ﬂies
are hyper-susceptible to paraquat, a free radical generator, but not to hydrogen peroxide. They con-
tain a high amount of protein carbonyl, which dramatically increases with age. Trx-2 mutants
express high levels of anti-oxidant genes, such as superoxide dismutase, catalase, and glutathione
synthetase. This is the ﬁrst demonstration of biochemical and physiological consequences caused
by loss of Trx-2 in Drosophila.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction the same extent of sequence homology to human thioredoxinOxidative stress is regarded as the major cause of aging and is
implicated in a number of age-associated diseases, including Parkin-
son’s disease and Alzheimer’s disease [1–3]. Oxidative stress can be
induced by external or internal factors, such as UV radiation or the
respiratory system in mitochondria. It can damage cellular macro-
molecules, such as nucleic acids, proteins, and lipids, which may
interfere with normal cellular functions and ultimately lead to cell
death [4]. Therefore, anti-oxidantdefense systemsmusthavecritical
roles in maintaining normal cellular functions during aging.
Thioredoxin (TRX) is an anti-oxidant molecule conserved from
bacteria to humans [5]. It is a major cellular protein disulﬁde
reductase containing a conserved active site with a pair of cysteine
residues and it serves as an electron donor to enzymes, such as thi-
oredoxin-dependent peroxide reductase [6,7] and ribonucleotide
reductase [8,9]. Upon substrate reduction, two sulfhydryl (SH)
groups in the active center of reduced thioredoxin, Trx-(SH)2, are
converted to disulﬁde in the oxidized form, Trx-S2. In mice, overex-
pression of thioredoxin suppresses various disease phenotypes
associated with oxidative stress [10–12]. In Drosophila, there are
three TRX family genes, Trx-2, TrxT, and deadhead (dhd), all of
which contain a characteristic active center for TRX, and showchemical Societies. Published by E
gen species; Sod, superoxide
T-PCR, real-time polymerase
i).(hTRX). Trx-2 is expressed ubiquitously, whereas dhd and TrxT
are predominantly expressed in the female and the male, respec-
tively [13–16].
It has been shown that overexpression of Trx-2 extends longev-
ity and increases resistance to oxidative stress in adult ﬂies [13,17].
In addition, overexpression of any one of the TRX genes is shown to
suppress the accelerated neurodegeneration that occurs in the Dro-
sophila Parkinson’s model, a model in which the human Parkin-
associated endothelin receptor-like receptor is expressed in all
neurons [18]. Although these studies demonstrate the protective
role of high levels of TRX, it is not clear whether loss of TRX indeed
impairs anti-oxidative defense mechanisms in vivo. It has been re-
ported that ﬂies lacking dhd, TrxT, or Trx-2 are viable and fertile,
and even show normal resistance to hydrogen peroxide [13]. In
this study, we demonstrate that loss of Trx-2 enhances oxidative
stress-dependent phenotypes: reduction of lifespan, hyper-suscep-
tibility to paraquat, and accumulation of protein carbonyl, an oxi-
dative stress marker in aged animals. In addition, Trx-2 mutants
express high levels of anti-oxidative genes, suggesting that they
are exposed to excessive amounts of oxidative stress.
2. Materials and methods
2.1. Fly strains
y w67c23 Df(1)w67c23 (y w) was used as a control and as a recipi-
ent to make transgenic ﬂies. A loss-of-function allele, Trx-21, was










































Fig. 1. Disruption of Trx-2 reduces longevity and accelerates age-dependent
locomotor defects. Survival curves of wild-type and Trx-21 ﬂies are indicated with
black and gray lines, respectively (A). A total of 100 ﬂies were used for each
genotype. Mean (±S.E.) climbing activities of ﬂies at the ages of 5, 25, and 30 days
old are indicated with black, gray, and open bars, respectively (B). Twenty ﬂies were
used for one assay, and 10 trials were performed. The t-test was used to evaluate
the signiﬁcance of differences in means between wild type and the Trx-2 mutant
(*P < 0.01).
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least six generations to the parental line, with the background
being the y w strain. hs-FLP(X) and AyGAL4 (II) [20] were obtained
from the Bloomington Stock Center. upstream activating sequence
(UAS)-Trx-2 was described previously [18]. All experiments were
performed at 25 C.
2.2. Paraquat resistance assay
Adult female ﬂies were kept in vials with ﬁlter paper soaked
with 10 mM paraquat (1,10-dimethyl-4,40-bipyridinium dichloride,
Sigma) in 5% sucrose solution. The number of dead ﬂies was
counted every 24 h.
2.3. Overexpression of Trx-2
A population of ﬂies carrying hs-FLP, AyGAL4 and UAS-Trx-2 was
divided into two groups. One group was maintained at 25 C
throughout the experiment and served as a control, whereas the
other group was treated with a heat pulse at 37 C for 30 min to in-
duce ‘‘FLIP-OUT” that allows GAL4 expression under the actin 5C
promoter, which in turn activates UAS-Trx-2.
2.4. Longevity test
Adult female ﬂies were kept in a glass vial containing standard
glucose–yeast medium (20 ﬂies/vial), and were transferred to fresh
media every 2 days, with the number of dead ﬂies counted at the
time of transfer. At least 100 ﬂies were used for the longevity test
for each genotype.
2.5. Climbing assay
Climbing assay was performed as described previously [18].
Brieﬂy, 20 ﬂies were placed in a graduated cylinder (diameter
2 cm; length 20 cm). Pictures were taken at 18 s after the bumping,
and the distances up the wall of the cylinder that each individual
ﬂy climbed were measured. Mean (±S.E.) distance was calculated
from a total of 10 trials.
2.6. Protein carbonyl content
Protein carbonyl content was measured as described previously,
except that 150 ﬂies were used for each experiment [21]. Three
samples were used for one assay.
2.7. Quantitative real-time polymerase chain reaction (RT-PCR)
Total RNA was extracted from 5-day-old adult ﬂies using
RNeasy (Qiagen). After DNase treatment, complementary DNA
was synthesized with Superscript III (Invitrogen). Quantitative
PCR was carried out using SYBER Premix Ex Taq (Takara, Shiga, Ja-
pan) and a Chromo 4 Detector (BioRad) with appropriate primers
for the target genes (Supplementary data). Data were normalized
with rp49 transcript levels.
3. Results and discussion
3.1. Disruption of Trx-2 reduces longevity and locomotor activity
Trx-2 is the only TRX that is expressed ubiquitously in Drosoph-
ila. To explore the function of Trx-2, we generated a loss-of-func-
tion allele of Trx-2 from a P-element insertion line, P{GS}2114, by
imprecise excision. The new allele was designated as Trx-21, as it
had a deletion of 1731-bp DNA containing the second exon with
the translational start site (Supplementary Fig. 1A and B). Westernblot analysis using anti-Trx-2 antibody revealed that a 12-kDa pro-
tein corresponding to the Trx-2 protein was absent in the Trx-21
homozygous ﬂies (Supplementary Fig. 1C). Trx-21 homozygous ani-
mals were viable and fertile with no obvious morphological de-
fects. However, the number of Trx-21 homozygous adult ﬂies was
signiﬁcantly fewer than that of controls (Trx-21/+), indicating that
Trx-2 is required for optimal development to the adult stage (Sup-
plementary Fig. 1D).
We next examined whether Trx-21 has any inﬂuence on the lon-
gevity of ﬂies. The longevity of Trx-2 mutants (Trx-21/Trx-21) was
36% shorter than that of the controls (Trx-21/+): the mean longevity
was 28.7 ± 1.0 days and 44.3 ± 1.1 days, respectively (Fig. 1A). It
has been demonstrated that mutations in Drosophila Trx reductase,
a key enzyme that reduces TRX disulﬁde (Trx-S2) to Trx-SH2, also
causes severe reduction in ﬂy lifespan [22]. Therefore, the TRX sys-
tem appears to have an important role in longevity determination.
We also examined the longevity of ﬂies deleted for two other TRX
genes, dhd and TrxT. There was no reduction of longevity in those
lacking dhd, and no or only slightly reduced longevity in those
lacking both dhd and TrxT (Supplementary Fig. 2) [13]. Thus, Trx-
2 plays a major role among the three TRX genes in longevity
determination.
To assess locomotor function of Trx-2 mutants, we performed
the climbing assay at different ages (Fig. 1B). The average climbing
activity at day 5 was high in both control and Trx-2 mutant ﬂies.
However, the activity of Trx-21 was signiﬁcantly lower than that
of the control at the ages of 25 and 30 days, suggesting that loss
of Trx-2 accelerates an age-dependent decline in locomotor
activity.
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Disruption of Trx-2 might increase susceptibility to oxidative
stress. We measured the survival rate of Trx-2 mutants kept in
medium containing 10 mM paraquat, a free radical generator,
and found that the Trx-21 ﬂies were hyper-susceptible to paraquat
(Fig. 2A). The mean survival period of Trx-21 ﬂies (1.9 ± 0.1 days)
was 60% shorter than that of control ﬂies (5.1 ± 0.2 days). We
tested three other null mutations in Trx-2 that have been isolated
independently [13]. All of them were sensitive to paraquat (Sup-
plementary Fig. 3A), conﬁrming that loss of Trx-2 increases suscep-
tibility to paraquat. Since mutations in dhd or TrxT did not affect
paraquat resistance (Supplementary Fig. 4A and B), Trx-2 is the
only TRX responsible for protection against paraquat. Interestingly,
it has been reported that mutations in Trx-2 did not affect resis-
tance to hydrogen peroxide [13]. We conﬁrmed that this is also
the case for Trx-21 (data not shown). Therefore, the Trx-2 mutants
were speciﬁcally defective in resistance against paraquat.
We next examined whether overexpression of Trx-2 increases
paraquat resistance. Flies overexpressing Trx-2 survived signiﬁ-
cantly longer than control ﬂies at the concentrations of 5, 10 and
20 mM (Fig. 2B–D). These results demonstrate that Trx-2 has a
dose-dependent protective role in paraquat-induced damage.
3.3. Loss of Trx-2 accelerates accumulation of protein carbonyl
Reactive oxygen species (ROS) damage cellular components
such as proteins and DNA [4]. Assuming that Trx-2 mutants are
defective in protection from oxidative stress, the mutant may con-
tain more oxidized cellular components. Thus, we measured the
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Fig. 2. Paraquat resistance in the Trx-2 mutant and Trx-2-overexpressing ﬂies. Survival c
(A). Trx-2 mutants are hyper-susceptible to paraquat compared to the controls. Survival
paraquat. Flies overexpressing Trx-2 throughout the adult stage carry hs-FLP, AyGAL4 and
ﬂies (black lines) are genetically identical to those overexpressing Trx-2, but without hea
evaluate the difference between two survival curves. Trx-2-overexpressing ﬂies were fou
and P < 0.05 for 5, 10, 20 mM paraquat, respectively.young ﬂies (5 days old), there was no difference in the amount of
protein carbonyl between Trx-2 and control ﬂies. However, approx-
imately four-fold larger amounts of protein carbonyl had accumu-
lated in the 25-day-old Trx-2 mutants compared to wild type
(Fig. 3). These results provide biochemical evidence that endoge-
nous Trx-2 protects proteins from excess oxidation.
3.4. Elevation of anti-oxidant gene expression in Trx-2 mutants
An increased amount of protein carbonyl suggests that theTrx-2
mutants are exposed to a high level of oxidative stress. The mu-
tants might respond or adapt to such conditions by upregulating
other anti-oxidant genes. To test whether this was the case, we
determined the expression levels of several anti-oxidant genes,
including dhd, TrxT, superoxide dismutase (Sod), Sod2, catalase
(cat), and glutathione synthetase (GS), using quantitative RT-PCR
(Fig. 4). Expression levels of dhd and TrxT did not differ between
wild type and Trx-21, suggesting that oxidative stress caused by
loss of Trx-2 does not induce other TRX genes. No change was ob-
served for Sod2. In contrast, a signiﬁcant increase in the expression
levels of Sod, cat, and GS was observed. These changes were repro-
ducible in other Trx-2 null mutants (Supplementary Fig. 3B). It has
been shown that overexpression of cat confers tolerance to hydro-
gen peroxide [24]. A high expression level of cat in Trx-2 mutants
might explain their normal tolerance to hydrogen peroxide. We
conﬁrmed that the enzymatic activity of Cat is upregulated in the
Trx-2 mutants (Supplementary Fig. 5).
We noticed that upregulation of stress response genes was
more limited in aged animals: only GS expression levels remained
high, but those of Sod and cat returned to that of wild type (Supple-
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urves of control and Trx-21 ﬂies are indicated with black and gray lines, respectively
curves of ﬂies overexpressing Trx-2 kept at 5 mM (B), 10 mM (C), and 20 mM (D) of
UAS-Trx-2 and have been heat-treated to induce ‘‘FLP-OUT” (gray lines) [20]. Control
t treatment. A total of 60 ﬂies were used for each experiment. The t-test was used to






















Fig. 3. Loss of Trx-2 increases the amount of protein carbonyl. Total amount of
protein carbonyl was determined in wild-type and Trx-21 ﬂies at 5 days. Bars
indicate mean (±S.E.) values. Approximately three times greater amount of protein
carbonyl was detected in Trx-21 compared to control ﬂies at the age of 25 days.

























Fig. 4. Expression levels of stress response genes in Trx-2 mutant ﬂies. Expression
levels of the indicated genes were determined by quantitative RT-PCR, and are
indicated with black (wild type) and gray (Trx-21) bars. Mean (±S.E.) values were
calculated from three experiments for each gene.
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[25]. However, in spite of elevated expression of GS, we found that
the amount of total glutathione was reduced in the Trx-2 ﬂies (Sup-
plementary Fig. 7). We speculate that an increased level of oxida-
tive stress affected the stability of glutathione in the Trx-2mutants.
It has been shown that oxidative stress impairs mitochondrial
function [26]. To investigate this, we quantiﬁed some of the TCA
cycle metabolites, such as citrate, 2-oxoglutarate, succinate, fuma-
rate, and malate. We found no signiﬁcant differences in the levels
of these metabolites between the wild-type and Trx-2 ﬂies (Supple-
mentary Table 1). In addition, the mutation did not affect ATP con-
tent, suggesting that energy production was apparently normal in
the Trx-2 ﬂies (Supplementary Fig. 8).
In conclusion, our results demonstrate that loss of Trx-2 results
in reduction of paraquat resistance and longevity, accelerates age-
associated phenotypes, such as a decline in locomotor activity and
increased amounts of protein carbonyl, and causes upregulation of
anti-oxidant genes such as Sod, cat and GS. Trx-2 mutant ﬂies are
useful as a model to further investigate the physiology of animals
that are hyper-susceptible to oxidative stress.
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